Search for Intrinsic Collective Excitations in ^^^Sm 
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^^^Sm makes it an attractive candi- 
Multiple-step Coulomb excitation 



The 685 keV excitation energy of the first excited state in 
date to explore expected two-phonon excitations at low energy, 

and inelastic neutron scattering studies of ^^'^Sm are used to probe the E2 collectivity of excited 0^ 
states in this "soft" nucleus and the results are compared with model predictions. No candidates 
for two-phonon K^ — O"*'quadrupole vibrational states are found. A 2^, A" = 2 state with strong 
E2 decay to the first excited K^ = 0"*" band and a probable S"*" band member are established. 
Accepted for publication as a Rapid Communication in Physical Review C, http:/ /prc.aps.org/j 
Copyright (2008) by the American Physical Society. 
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Low-energy collective structure in nuclei is a funda- 
mental manifestation of simple behavior in finite many- 
body quantum systems. Nuclear collectivity is divided 
into two basic types: rotational (exhibited in the band 
structures of deformed nuclei) and vibrational (suggested 
to be dominant in spherical nuclei) Deformed nuclei 
also are suggested to be capable of vibrations about an 
equilibrium deformed shape. The emergence of predom- 
inantly prolate spheroidal shape moments suggested two 
vibrational modes in deformed nuclei: "gamma" vibra- 
tions (^22+^2-2 multipole mode) and "beta" vibrations 
(I20 multipole mode). 

There is a voluminous literature that discusses one- 
phonon /3-vibrational and 7-vibrational states in de- 
formed nuclei; and the lowest-lying excited K'^ = 0+ and 
2+ states, respectively, are generally identified with these 
modes. However, vibrations in quantum systems should 
exhibit multi-phonon eigenstates. Evidence for multiple 
(two) phonon excitations in deformed nuclei is sparse and 
has been difficult to obtain. 

The best examples for multiple phonon excitations are 
limited to evidence for two-phonon 7 vibrations, but con- 
troversy over this structural interpretation persists (see, 
e.g., i, i, i, i, 0, !)■ That the double gamma vi- 
bration is hard to identify is connected to the high level 
density in well-deformed nuclei and the low spin of the 
states of interest. In contrast to the gamma vibration, 
whose excitation energy generally decreases with mass. 
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the beta vibration is expected to have the lowest energy 
in lighter nuclei, which have a lower level density. There 
is no unequivocal evidence for two-phonon p vibrations. 

The nucleus -"^^^Sm is particularly well-suited as a case 
study for the existence of multi-phonon /3 and 7 vibra- 
tions in a deformed nucleus. It has one of the lowest- 
energy candidate P vibrations in any deformed nucleus 
(and a fairly low-energy candidate 7 vibration), such 
that 2- and even 3-phonon excitations should be below 
the pairing gap, if they exist. Indeed, recently it has 
been suggested Q that ^^^Sm and its neighboring iso- 
tone, ^^''Gd, are the best candidates for establishing the 
/^-vibrational mode in deformed nuclei. It has long been 
regarded as a "soft" nucleus [10|. 

To address the expectation that these simple multi- 
quantum excitation modes should exist in ^^^Sm, we have 
carried out a very-high-statistics study using multiple- 
step Coulomb excitation (multi-Coulex). This study was 
made using the Gammasphere array 11| of Compton- 
suppressed Ge detectors in conjunction with the CHICO 
charged-particle detector array [T^ . The experiment 
used a beam of -'^^■^Sm {E = 652 MeV, an energy in- 
sufficient to surmount the Coulomb barrier) incident on 
a thin ^^^Pb target (400 ^g/cm^, 99.86% enrichment) 
at the Lawrence Berkeley National Laboratory's 88-Inch 
Cyclotron. Signals from two ions detected by CHICO in 
coincidence with at least one "clean" 7 ray signal in Gam- 
masphere (i.e., a p-p-7 coincidence) triggered an event. 
The CHICO array provided kinematic characterization of 
scattered ions and recoiling target nuclei for Doppler cor- 
rections to the 7 rays emitted from the Coulomb-excited 
beam nuclei. High angular resolution was provided both 
by CHICO, which has 1° angular resolution, and by Gam- 
masphere, which was operated with 104 Ge detectors. A 
total running time of 62 hours provided 7 x 10^ p-p-7, 8 
X lO"^ p-p-7-7, and 1 x lO"^ p-p-7-7-7 events. 

If a two-phonon excitation exists at low energy in 
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^^^Sm, it would be evident through 7-ray transitions co- 
incident with 7 rays de-exciting the K"^ = 0+ rotational 
band built upon the [Jf {E^ keV)] (685) state, the 
lowest excited (non- rotational) structure in this nucleus. 
Figure[T]shows a p-p-7-7 coincidence gate on the 0^ (685) 
— > 2^ (122), 563 keV 7-ray transition. The only strong 
lines in this spectrum are the known 2+ (122) 0^ (0), 
122 keV and 2+ (1769) ^ (685), 1084 keV transitions 
in ^^^Sm [i^. The simplicity of the gated spectrum indi- 
cates that there is little, if any, fragmentation of collective 
strength connected to the 0^ (685) state and that this 
strength is concentrated in an excitation which has the 
2+ (1769) state as a band member. 
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FIG. 1: Spectrum of 7 rays in coincidence with the (685) 
2f (122), 563 keV 7-ray transition in ^''^Sm. The intense 
122 keV line is the 2+ (122) 0+ (0) ground state band 
transition below the gate transition. The 1084 keV 7 ray 
from the 2"*" state at 1769 keV is the only other prominent 
feature in the spectrum. 

Figure [2] shows a p-p-7-7-7 coincidence event gated 
using the 2+ (810) ^ 2+ (122) 689 keV and (122) -> 0^ 
(0) 122 keV 7-ray transitions. In this spectrum, the 7 
rays at 213, 288, 356, and 414 keV correspond to in- 
band transitions higher up in the rotational band built 
upon the 0^ (685) state [ij]; the lines marked with solid 
dots are transitions in the ground-state band that are 
due to 685-122 coincidences, where the 685 keV 7 ray is 
a known 13j" (2833) 12^ (2149) transition [ij]; and 
the relatively weaker 7 rays at 273 and 482 keV arise from 
the pairing isomeric band built on the 0;^ 1083 keV state 
[T^. iTsj. Above 550 keV there are only two transitions, 
both of which directly feed the 2^ (810) state: one line 
at 959 keV and another at 1097 keV (discussed later). 
The 959 keV 7 ray also de-excites the 2+ (1769) state 
[l5 . [isl l , and as this level is higher in energy than many 
other known excited states in ^^^Sm, the question arises 
as to what kind of excitation is involved. In particular, 
is it the 2+ member of a iC'' = 0+, 1+, or 2+ band? 

To thoroughly explore excitations in ^^^Sm in this en- 
ergy range, we complemented the multi-Coulex study 
with an {n,n'j) study of "'^^^Sm at the University of 
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FIG. 2: Double-coincidence gate indicating 7 rays in coinci- 
dence with the 2j (810) 2^ (122) (0), 689 and 122 
keV cascade 7-ray transitions in ^^■^Sm. Lines indicated by 
a dot above the 7 ray are due to an overlap with the 13^ 
(2833) 12+ (2149) 2+ (122) -> 0^ (0), 685 and 122 keV 
double-coincidence gate. 



Kentucky with monoenergetic neutrons. The data ob- 
tained included excitation functions {En in 0.1 MeV in- 
crements from 1.2 to 3.0 MeV), 7-ray angular distribu- 
tions, Doppler-shifted 7-ray energy profiles, and 7 — 7 
coincidences (details of similar analyses may be found 
in [IB])- These data provide comprehensive information 
on low-spin states, including spins, decay branches, and 
lifetimes to > 2.1 MeV excitation. Here we focus on low- 
spin states of positive parity, and a first result is that 
no 1+ states are observed below 2 MeV, eliminating the 
possibility that the 2+ (1769) level is a if = 1+ state. 
It is then a question of whether the 2+ (1769) level is 
a member of a = 0+ band or the band-head of an 
excited K'' = 2+ band. 

If the 2+ (1769) state has if'" = 0+, then there should 
be a 0+ state 100-200 keV below it. The previously 
known [13] excited 0+ states in i^^Sm are at 684.7, 1082.9 
(a pairing isomer [l3|)i and 1659.5 keV. We confirm that 
these states have 0+ spin-parity and establish a new 0+ 
state at 1755.0 keV. The 1659.5 and 1755.0 keV 0+ states 
lie below the 2+ (1769) state and are therefore of partic- 
ular interest. Excitation function data for these states 
are shown in Fig. [3] These data can be compared with 
the plotted curves of theoretical direct population of the 
levels as a function of neutron energy and level spin, cal- 
culated with the CINDY computer code jTZi] using in- 
put optical model parameters from the RIPL-2 database 
The best agreement between plotted data and the- 
oretical curves indicates the 1659.5 and 1755.0 keV levels 
are spin-0 states, and this is confirmed by the isotropic 
7-ray angular distributions in the lower part of Fig. [S] 
From Doppler-shifted energies of decaying 7 rays (shown 
in Fig. HI), lifetimes of 1771^^ and 242t^f fs are deter- 
mined, respectively, for the 1659.5 and 1755.0 keV states. 
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FIG. 3: Excitation functions and angular distributions for 7 
rays that depopulate the 1659 and 0^ 1755 keV levels, 
respectively. 
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FIG. 4: Doppler shift plots of the a) 696 and b) 792 keV 7 rays 
following the (n, n'7) reaction on ^^^Sm. Lifetimes of the 
1659 and Oj" 1755 keV levels were extracted from these data. 



We deduce B{E2;0+,1659 2+,810) 5.11^;^ W.u. 
and J5(£;2;0+,1755 ^ 2+,810) < 5 W.u. using decay 
paths established in the present work and in 13]. 

We now consider the E2 decay strength exhibited by 
the 2+ (1769) state. Figure [5^ shows a plot of the 
Doppler-shifted energy for the 959 keV 7 ray, from which 
we deduce a lifetime for the 1769 keV level of 187^% fs. 
Assuming pure E2 character for transitions between the 
1769 keV level and states in the lowest two K'^ ~ 0+ 
bands, the B{E2) values deduced for these 7 rays from 
the measured lifetimes and 7-ray intensities are shown 
in Fig. [S)3. Evidently, the 1769 keV level has a strong 
collective connection with the K'^ = 0"*" excited band 
built on the 0+ (685) state, as previously illustrated by 
the strong 1084 keV (9 W.u.) and 959 keV (25 W.u.) 
7 rays in Figs. [T] and [21 respectively. Upper limits of 
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FIG. 5: a) The lifetime of the 1769 keV 2+ state was extracted 
from the Doppler-shifted energy as a function of angle of the 
959 keV 7 ray following the (n, n'7) reaction on ^^^Sm. b) De- 
duced B{E2) values in W. u. for transitions from the 1769 keV 
state to the lowest two = 0"*" bands. 



B{E2; 1769 ^ 367) < 0.007 W.u. and B{E2; 1769 
1023) < 0.31 W.u. are determined using previously un- 
published data from our recent ^^^Eu^ study [l5l |. 

Comparing the B{E2) data in Fig. [5] with expected 
relative B{E2) values from the Alaga rules, we can de- 
termine K"^ for the 1769 keV state. The Alaga rules 
for /S.K = transitions from a J'^ = 2+ state to 
states of J"" = 0+/2+/4+ indicate that B{E2) ratios 
of 70/100/180 are expected. In contrast, B{E2) ratios 
of 70/100/5 would be expected for /S.K — 2 transitions. 
The experimental data clearly show best agreement with 
the AiC = 2 expectations, and therefore the 2+ (1769) 
state is the band-head of a second-excited K'^ — 2+ band. 

A K"^ = 2+ assignment for the 2+ (1769) state is fur- 
ther supported by the observation of the 1097 keV 7 ray 
in Fig. O This line de-excites a level at 1907 keV, which 
is established in both the multi-Coulex and the {n, n'7) 
studies and has a probable spin-parity of 3^. 

A broader view of low-spin collective states in ^^^Sm 
is provided in Fig. [S] This figure shows 7 rays from the 
p-p-7-7 data in the multi-Coulex study observed in co- 
incidence with the 1" (963) 2+ (122) 841 keV tran- 
sition. The very str ong line at 806 keV de-excites the 
2+ (1769) level [H, [l||. The 696 and 792 keV_7 rays 
de-excite the O"*" states, discussed above, at 1659 13] and 
1755 keV. Other lines are weak and are identified with 
the de-excitation of J = 0, 1 states known from ^^^Pm 
I3~ decay [l^ or established in our (n, n'^) study. The 
pattern of strength is qualitatively a reflection of the E2 
strengths associated with the 0+ (1659) [Hi, 0+ (1755), 
and 2+ (1769) states, as established in this work. No 
other low-spin (J < 2) collective states, besides these 
three, are indicated in ^^^Sm below ^--^2750 keV. 

The absence of an excited — structure with 
strong E2 transitions to the K"^ — 0+ structure based on 
the 685 keV state is very surprising. The conventional 
view of the O"*" (685) state in ^^^Sm has been that it 
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FIG. 6: Coincidence gate on the 1^ (963) 2^ (122), 841 
keV 7 ray in ^^^Sm. Details of the observed transitions are 
discussed in the text. 



of such intrinsic excitations in ^^^Sm are excluded. 

In summary, we have carried out multiple-step 
Coulomb excitation and inelastic neutron scattering 
studies of ^^^Sm to explore the possibility of multiple- 
phonon intrinsic collective excitations in this nucleus. 
Four excited 0+ states below ^1.8 MeV have been 
identified, but no evidence for two-phonon K'^ = 0^ 
quadrupole vibrations was found. A second excited 
= 2+ band based on the 2+ (1769) state was iden- 
tified, and the collective nature of transitions from the 
1769 keV level to members of the band built on the 
(685) state was determined through a measurement of 
the lifetime of this level. 

The results of this work show that a new interpretation 
for the 0+ (685) state is called for. Further, the collective 
connection between the — 0+ band built on the 
(685) state and the K'' = 2+ band built on the 2+ (1769) 
state appears to be unprecedented in nuclei in this mass 
region. 



is an intrinsic quadrupole excitation of the ground state, 
i.e., a P vibration. Alternative theoretical descriptions by 
the interacting boson model (IBM) [l9l . f20| , pairing-plus- 
quadrupole model (PPQ) and X(5) model [H, [H 
also fail to explain our data: These models predict second 
excited 0+ states at 1279, 1473, and 1729 keV that have 
strongly collective transitions to the 2+ (810) state with 
B{E2) values of 103, 82, and 122 W.u., respectively. The 
experimental data presented here show that the existence 
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